High-quality Pt-based catalysts are highly desirable for ethanol oxidation reaction (EOR), which is of critical importance for the commercial applications of direct ethanol fuel cells (DEFCs). However, most of the Pt-based catalysts have suffered from high cost and low operation durability. Herein a two-step method has been developed to synthesize porous Pt nanoframes decorated with Bi(OH) 3 , which show excellent catalytic activity and operation durability in both alkaline and acidic media. For example, the nanoframes show a mass activity of 6.87 A·mg Pt −1 in alkaline media, which is 13.5-fold higher than that of commercial Pt/C. More importantly, the catalyst can be reactivated simply, which shows negligible activity loss after running for 180,000 s. Further in situ attenuated total reflection-infrared (ATR-IR) absorption spectroscopy and CO-stripping experiments indicate that surface Bi(OH) 3 species can greatly facilitate the formation of adsorbed OH species and subsequently remove carbonaceous poison, resulting in a significantly enhanced stability towards EOR. This work may favor the tailoring of desired electrocatalysts with high activity and durability for future commercial application of DEFCs.
Introduction
As a promising alternative to clean and efficient energy source, direct ethanol fuel cells (DEFCs) have drawn great attention over the past decades because of the advantages of ethanol, such as high energy density, low toxicity and renewable production [1] [2] [3] . However, the large scale application of DEFCs has been seriously limited by the sluggish kinetics of ethanol oxidation reaction (EOR). One main barrier arises from the low activity and poor stability of electrocatalysts towards EOR. Platinum (Pt) is the state-of-art electrocatalytic metal used for EOR in both acidic and basic media, but Pt alone may suffer from high cost, low reserve and poor durability [4, 5] . In order to reduce the Pt usage and enhance its activity and stability, several strategies have been developed, such as tuning the size, morphology and/or composition of Pt-based catalysts [6, 7] . By controlling the size and nanostructure of Pt-based catalysts, more active sites may be exposed, leading to a higher Pt mass activity [3] . Incorporation of Pt with a second component, either metal or metal oxide, is another considerable approach, by which the electronic structure of host Pt and thus the reaction pathway can be significantly modified, resulting in enhanced activity and durability [8, 9] .
Along this line, fabrication of nanosized porous structures has proven to be an effective way [10] [11] [12] . In comparison with solid Pt particle or bulk Pt foil, the porous framework can increase the number of active sites and lower the loading of Pt. For example, Zhang et al. employed a template-assisted method to prepare porous Pt nanowire arrays and demonstrated their application in EOR. Compared to Pt film and solid Pt nanowire array, the porous nanostructures exhibited much higher current density in spite of low loading amount of Pt [13] . Mourdikoudis and co-workers prepared Pt nanodendrites with porous features, which brought the catalysts some unique advantages, such as large surface area and abundant high-index facets, leading to an enhanced electrocatalytic activity [14] . Therefore, rational design of nanosized porous Pt catalysts is a feasible way to reduce the usage of Pt and improve their electrocatalytic activity towards EOR.
Another challenge with the Pt-based catalysts is their low tolerance against carbonaceous poisoning intermediates, especially carbon monoxide (CO), deteriorating their durable activity toward EOR process [15, 16] . To overcome this drawback, a series of multi-component Pt-based catalysts have been successfully developed, such as PtM alloys (M = Pd [17, 18] , Cu [19, 20] , Ni [21] , Ru [22] , Sn [23, 24] et al.) and oxides/hydroxidessupported Pt. Notably, oxides and hydroxides as the supports merit the generation of rich adsorbed OH species (OHad) at the metal/support interfaces, boosting the removal of CO and other small molecule intermediates, and greatly improve the anti-poisoning capability of Pt [25, 26] . For instance, RuO2 [27] , SnO2 [28] and Ni(OH)2 [29] were reported to facilitate the dissociation of H2O to generate absorbed hydroxide species, which favored CO oxidation at Pt [27, 28] or Pd [29] active sites. Nevertheless, most of the relevant composite electrocatalysts incorporating metal oxides (hydroxides) were prepared from physical mixing, and the synergy between the Pt active sites and oxide/hydroxide supports may be further improved if one could combine the two components in a chemical and robust way.
As reported by the other researchers, the incorporation of Bi can tune the surface geometric structure and downshift the d-band center of Pt or Pd, while the surface decoration of Bi(OH)3 can also accelerate the oxidative removal of CO and other carbonaceous intermediates [2, 30] . Based on the above, we have successfully prepared porous Pt nanoframes decorated with small amount of Bi(OH)3 by using a two-step method. The porous structure is beneficial to the improvement of utilization efficiency of precious metal Pt, and the decoration of Bi(OH)3 can enhance their anti-poisoning ability against CO. Compared with commercial Pt/C, porous Pt-Bi(OH)3 catalyst showed dramatically improved electrocatalytic activity and stability in both alkaline and acidic media. A high mass activity of 6.87 A·mgPt −1 for EOR in alkaline media can be achieved, which is 13.5-fold higher than that of commercial Pt/C catalysts. More importantly, the porous Pt-Bi(OH)3 catalyst can be reactivated and then recovered to the initial EOR activity even after 180,000 s of chronoamperometric (CA) test. The in situ attenuated total reflection-infrared (ATR-IR) absorption spectroscopy and anodic CO striping measurements revealed that the decoration of Bi(OH)3 on Pt frames facilitated the oxidative removal of CO and other intermediates, resulting in a high EOR stability. This work highlighted the important role of concerted manipulation of morphology and composition of nanocrystals in EOR.
Results and discussion
The porous Pt-Bi(OH)3 nanoframes were successfully prepared through a two-step method. Firstly, Pt(acac)2, Bi(NO3)·5H2O (feeding molar ratio Pt:Bi = 2:1) as precursors and polyvinylpyrrolidone (PVP) as surfactant were completely dissolved in diethylene glycol (DEG), which acted as both solvent and reducing agent. The mixing solution was then heated to 150 °C and kept at 150 °C for 30 min. The resulting bimetallic PtBi nanocrystals (Figs. S1 and S2(a) in the Electronic Supplementary Material (ESM)) were separated by centrifugation and washed for three times using a mixture of acetone and ethanol (volume ratio of 1:1). In the second step, the bimetallic PtBi nanocrystals mixed with Vulcan XC-72 carbon were treated through polarization at −0.2 V (vs. saturated calomel electrode (SCE)) in an alkaline solution of 1 M NaOH + 0.5 M ethanol [31] . During this potentiostatic polarization, some Bi atoms were electrochemically leached into the solution and residual Bi 0 was oxidized into Bi 3+ in the form of Bi(OH)3 [32] . As a result of electrochemical leaching and oxidation, porous Pt nanoframes decorated with Bi(OH)3 were successfully obtained.
The morphology of Pt-Bi(OH)3 nanoframes was firstly investigated by transmission electron microscopy (TEM), as shown in Fig. 1(a) . Monodisperse nanoframes were dispersed on carbon support and showed a dendritic porous structure with a diagonal size of ~ 40 nm. From the high-resolution transmission electron microscopy (HRTEM) image of Pt-Bi(OH)3 nanoframes ( Fig. 1(b) ), the lattice spacing was 0.23 nm, which could be indexed as the (111) plane of Pt [16] . Aberrationcorrected atomic-resolution scanning transmission electron microscopy (STEM) was carried out to further study the surface structure of Pt-Bi(OH)3 nanoframes. Figures 1(c) and 1(d) show abundant defects on the surface of Pt-Bi(OH)3 nanoframes, such as steps and grain boundaries [33] [34] [35] . The defects may provide more active sites and boost the electrochemical performance of catalysts [4, 36] . In the selected area electron diffraction (SAED) pattern ( Fig. 1(e) ), the porous nanoframes showed a polycrystalline Pt structure, including {111}, {200} and {220} planes [37] . Energy-dispersive X-ray spectroscopy (EDS) elemental mapping was employed to investigate the distribution of Pt and Bi in the porous nanoframes. As shown in Figs. 1(f)-1(i), Pt and Bi elements were distributed uniformly over the whole nanoframes, in which Pt acted as the primary host while only a small amount of Bi could be observed, suggesting a Pt-rich structure. It was also confirmed by the EDS quantification, which suggested a final Pt:Bi ratio of 92.5:7.5, as shown in Fig. S2 (b) in the ESM. One benefit of porous structure is the large surface area along with the high utilization of catalysts. In this work, the electrochemically active surface area (ECSA) of the as-prepared was tested in the potential range from −0.2 to 0 V in N2saturated 0.5 M H2SO4 solution ( Fig. S3 in the ESM). The ECSA was calculated by quantifying the electric charges from the hydrogen adsorption and desorption process, in which we assumed a value of 210 μC·cm −2 for the adsorption of a hydrogen monolayer [38, 39] . The porous Pt-Bi(OH)3 catalyst had a large ECSA of 50.6 m 2 ·gPt −1 , which was close to the value of Pt/C (52.3 m 2 ·gPt −1 ) although Pt/C had a much smaller Pt size (ca. 3.2 nm, Fig. S4 in the ESM).
X-ray diffraction (XRD) characterization was conducted to investigate the crystal structure of Pt-Bi(OH)3 nanoframes. As illustrated in Fig. 2(a) , the peaks matched well with metallic Pt (JCPDS card # 04-0802), in which the diffraction peaks at 2θ = 39.9°, 46.4°, 67.7°, 81.6° and 85.6° could be indexed as the {111}, {200}, {220}, {311}, {222} facets of face-centered cubic Pt, respectively [40, 41, 42] . In contrast, no peaks indexed to Bi(OH)3 can be observed, which may be caused by its low content or amorphous structure. Moreover, X-ray photoelectron spectroscopy (XPS) was performed to determine the compositions and chemical states of elements on the surface of Pt-Bi(OH)3 nanocrystals. As shown in Fig. 2(b) , two asymmetric peaks could be observed in Pt 4f signal, which could be indexed to the characteristic peaks of Pt 0 4f and Pt 2+ 4f (PtO and Pt(OH)2) [17] . It should be noted that the core level binding energy of Pt in the as-obtained porous Pt-Bi(OH)3 nanoframes shifted slightly to lower positions (70.9 eV) compared to that of metallic Pt in Refs. [30, 43] (71.2 eV), indicating that charge transfer might occur in the porous Pt-Bi(OH)3 nanoframes [44, 45] . Moreover, the fittings of Bi 4f spectra showed that only Bi 3+ could be observed on the surface of porous nanocrystals ( Fig. 2(c) ) [32, 46] . To investigate the coordination between Bi 3+ and hydroxyl or oxygen groups (OH − or O 2− ), O 1s was also investigated, as shown in Fig. 2(d) . The O element can be assigned to the OH − at 531.8 eV and oxygen in gas-phase water (GPW) at 535.8 eV [47, 48] . Therefore, it can be concluded that the porous Pt-Bi(OH)3 had a Pt-rich structure with Bi(OH)3 modification. To investigate the electrochemical properties of the as-obtained catalysts, a typical cyclic voltammogram (CV) for the porous Pt-Bi(OH)3 nanoframes was measured in N2-saturated 1 M NaOH solution, and commercial Pt/C (20 wt.% of Pt) was used for the control measurement. For commercial Pt/C, peaks from −0.9 to −0.7 V were attributed to the hydrogen adsorption and desorption [49] , while the cathodic peak from −0.5 to −0.2 V corresponded to the reduction of oxide species on Pt surfaces ( Fig. S5(a) in the ESM). In contrast, no peak of hydrogen adsorption or desorption could be observed for the porous Pt-Bi(OH)3 nanoframes due to the inhibiting effect provided by Bi species. As previously reported, the Bi element could effectively hinder the hydrogen adsorption and desorption processes on Pt electrode at negative potentials [50] . Moreover, the reduction peak potential on the Pt-Bi(OH)3 electrode (from −0.40 to −0.10 V) exhibited a positive shift of 102 mV compared with Pt/C catalyst ( Fig. S5(a) in the ESM), suggesting a relatively faster desorption of OHad and easier oxidation of adsorbed intermediates [21] .
Cyclic voltammetry of EOR on porous Pt-Bi(OH)3 nanoframes and commercial Pt/C was performed in N2-saturated 1 M NaOH + 0.5 M ethanol solution. The ethanol oxidation current density was normalized by the Pt loading to yield the mass activity. 28 μg·cm −2 of Pt was employed as the standard loading amount for all tests (Fig. S6 in the ESM). Our Pt-Bi(OH)3 catalyst showed a significantly enhanced mass activity (6.87 A·mgPt −1 ), that is, 13.5 times higher than that of Pt/C catalysts ( Fig. 3(a) ). The dependence of catalytic activity on composition was further studied. A series of samples with different feeding Pt:Bi ratios (1:2, 1:1, and 3:1) were prepared through the same method (TEM images and XRD patterns were shown in Figs. S7 and S8 in the ESM). The structure and surface composition of the as-obtained Pt-Bi nanocrystals can be adjusted by tuning the feeding ratios of Pt:Bi. Porous structure with different morphologies can be obtained in all these samples after electrochemical leaching process. The optimized feeding ratio of Pt:Bi can lead to an optimized Bi(OH)3 coverage adjacent the Pt active sites in EOR [51] . In order to screen the catalysts to get better catalytic performance, CVs were carried out in N2-saturated 1 M NaOH and 1 M NaOH + 0.5 M ethanol solution (Fig. S9 in the ESM) . The mass activity of porous nanoframes for EOR in the positive direction was calculated to be 6.87 A·mgPt −1 , which was higher than those samples with different feeding Pt:Bi ratios (1:1, 1:2 and 3:1). Importantly, the onset oxidation potential of porous nanoframes for EOR was much lower than that of catalysts with different feeding Pt:Bi ratios (1:1, 1:2 and 3:1). From the catalytic results, the optimized performance was obtained for Pt-Bi(OH)3 nanoframes with a Pt:Bi feeding ratio of 2:1, which would be the focus in this study.
To demonstrate the long-term stability, the chronoamperometry (CA) was conducted on the above two types of catalysts in 1 M NaOH solution containing 0.5 M ethanol. Compared with commercial Pt/C, the porous Pt-Bi(OH)3 catalyst showed significantly enhanced stability over the period of 30,000 s ( Fig. S5(b) in the ESM). Importantly, the Pt-Bi(OH)3 catalyst subjected to the 30,000 s durability test could be easily reactivated through several potential cycles in 1 M NaOH solution. The reactivated porous Pt-Bi(OH)3 catalyst was used for another 30,000 s stability test in a fresh electrolyte. The cycling performance of the catalyst was demonstrated by repeating 6 times with a total time of 180,000 s ( Fig. 3(b) ). After each 30,000 s stability test, the porous Pt-Bi(OH)3 catalyst exhibited negligible loss of activity. More importantly, even after 100,000 s stability test, the CVs of the porous Pt-Bi(OH)3 catalyst are consistent, demonstrating an extremely stable electrochemical structure ( Fig. 3(c) ). Such stable electrochemical properties may benefit from the stable porous Pt-Bi(OH)3 nanostructure. To confirm this hypothesis, TEM was employed to investigate the morphology of Pt-Bi(OH)3 nanoframes after 6 consecutive CA measurements (180,000 s). As shown in Fig. S10(a) in the ESM, Pt-Bi(OH)3 nanoframes still maintained well-defined porous structure without any aggregation. Further characterizations also demonstrated the well-preserved morphology and composition during the catalytic reaction (Figs. S10(b)-S10(e) and S11 in the ESM). As a result, the porous Pt-Bi(OH)3 nanoframes showed enhanced durability after the reactivation processes due to its very stable porous structure in which Pt strongly-coupled with Bi(OH)3.
Our porous Pt-Bi(OH)3 nanoframes also exhibited very good electrocatalytic performance toward EOR in acidic media. As shown in Fig. 3(d) , the mass activity of the porous Pt-Bi(OH)3 catalyst for EOR was 0.60 A·mgPt −1 , which was 2.3 times higher than that of commercial Pt/C (0.26 A·mgPt −1 ). To identify the stability in the acidic solution, CA tests were conducted in 0.5 M H2SO4 solution containing 0.5 M ethanol. Compared with Pt/C, the Pt-Bi(OH)3 catalyst showed enhanced stability during the 5,000 s test, as shown in Fig. S12 in the ESM. Interestingly, the Pt-Bi(OH)3 catalyst could be re-activated as well by several CV cycles in 0.5 M H2SO4 solution after each 5,000 s stability test. In the fresh electrolyte, the EOR activity could be recovered to the initial value or even better. As shown in Fig. 3(e) , the Pt-Bi(OH)3 catalyst showed a great stability in EOR during the 20,000 s test. Meanwhile, the enhanced ECSA showed negligible loss after the 20,000 s durability test ( Fig. 3(f) ). All these results pointed to the fact that the porous Pt-Bi(OH)3 nanoframes can serve as a superior catalyst toward EOR in both basic and acidic media. By the way, the porous Pt-Bi(OH)3 nanoframes could be extended to boost the methanol oxidation reaction (MOR) (Figs. S13(a)-S13(f) in the ESM).
To provide an insight into the excellent durability at molecular level, in situ infrared spectroscopy was applied to study EOR on Pt-Bi(OH)3 and commercial Pt/C catalysts in 0.1 M NaOH + 0.1 M ethanol solution. Figures 4(a) and 4(b) show the potentiodynamic in situ attenuated total reflection-infrared absorption (ATR-IR) spectra during the potential scan from −0.9 to 0.2 V and then back to −0.9 V on Pt/C ( Fig. 4(a) ) and Pt-Bi(OH)3 ( Fig. 4(b) ), respectively. According to previous reports [52, 53] , the pronounced vibrational peak around 1,640 cm −1 at relatively negative potentials on both catalysts can be attributed to acetyl intermediate (ν(C=O)acetyl) and interfacial H2O (δ(HOH)free). The peaks around 1,547 and 1,437 cm −1 can be attributed to asymmetric (νas(OCO)) and symmetric (νs(OCO)) stretches of carboxylate for acetate in the solution and on the catalyst surface, respectively. The peaks around 1,360 cm −1 can be assigned to the in-plane bending vibrations of the -CH3 group of the adsorbed acetate (δ(CH3)). These results indicated that the oxidation of ethanol largely follows the C2 reaction pathway on both catalysts. As the potential shifted positively, the acetate desorbed from the catalyst surface due to the competitive oxidation of Pt sites, leading to diminishment of peak signals. Notably, the band at 2,025 cm −1 only appeared on Pt/C at relatively negative potential ( Fig. 4(a) ) assignable to the CO adsorbed on Pt active sites (COad) species (ν(COad)) during potentiodynamic EOR. In stark contrast, no CO band could be detected on the Pt-Bi(OH)3 catalyst under otherwise the same conditions. Furthermore, a rather strong CO2 band was clearly identified on the Pt-Bi(OH)3 catalyst by using in situ external reflection IR spectroscopy (IRAS), which is more sensitive to the solution products ( Fig. 4(c) ), implying that the appreciable C1 pathway is parallel to the main C2 pathway in the EOR on Pt-Bi(OH)3 catalyst. Based on these results, it may be hinted that COad intermediate can be quickly oxidized into CO2 on the Pt-Bi(OH)3 without notable surface CO accumulation during EOR.
Anodic CO stripping measurement was carried out to further reveal the role of Bi(OH)3 in Pt-Bi(OH)3 nanocrystals, involving the oxidative removal of COad by OHad [5] , given that COad intermediate could be removed quickly on ideal EOR electrocatalysts at lower oxidation potentials. For Pt/C catalyst, two oxidation peaks could be observed in the first anodic scan over the potential range from −0.5 to −0.2 V, which could be ascribed to CO oxidation at different active sites of Pt ( Fig. 4(d) ) [29, 54] . In contrast, no CO oxidation features could be identified with confidence on the Pt-Bi(OH)3 catalyst during the CO-stripping test ( Fig. 4(e) ). In fact, the porous Pt-Bi(OH)3 catalyst showed the same profile in N2-saturated 1 M NaOH, in which only two quasi-reversible oxidation/reduction peaks existed ( Fig. 4(e) and Fig. S5(a) in the ESM), suggesting its superior CO anti-poisoning property. To further demonstrate the CO anti-poisoning property of Pt-Bi(OH)3 during EOR process, CVs for the Pt-Bi(OH)3 and Pt/C were recorded in CO-saturated 1 M NaOH containing 0.5 M ethanol solution. The Pt mass activity of the Pt-Bi(OH)3 catalyst increased by 14.9% in the CO-saturated 1 M NaOH + 0.5 M ethanol, whereas it reduced by 56% for the mass activity of Pt/C (Figs. 5(a) and 5(b)). The result indicates the as-prepared catalyst can actively promote the oxidation of CO into CO2 instead of being poisoned. Besides, CO gas was purged into the electrolyte during the potentiostatic EOR test (CA) at 500 s for further comparison (Figs. 5(c) and 5(d) ). Upon the CO purge, the current density rapidly dropped to zero on the Pt/C catalyst, while the current density increased first and subsequently dropped slowly on the Pt-Bi(OH)3 electrode, suggesting the dramatically enhanced CO tolerance. More impressively, in an acidic electrolyte, the Pt-Bi(OH)3 nanoframes also showed much lower onset oxidation potential (0.41 V) of CO than that of Pt/C (0.56 V), demonstrating higher CO tolerance (Figs. S14(a) and S14(b) in the ESM).
Based on the above results, the as-prepared Pt-Bi(OH)3 catalyst exhibited superior activity, stability and poison tolerance for EOR in both alkaline and acidic media. Its porous nanoframe structure brought up large surface area and abundant defects, which could significantly enhance EOR activity. Moreover, electron-rich Pt sites of Pt-Bi(OH)3 also contributed to the improved catalytic performance because less oxygen-containing species adsorbed on its surface through chemisorption. The decoration of Pt nanoframe surfaces with Bi(OH)3 contributes greatly to the outstanding durability of the catalyst [2, 55] . Bi(OH)3 may facilitate water dissociation to form adsorbed OHad species, which then react readily with the neighboring CO species that located at or moved to the Pt/Bi(OH)3 interface via the Langmuir-Hinshelwood mechanism [2, 29, 56] . In other words, the unique nanostructure and composition of the as-prepared catalyst provide an efficient pathway to supply OHad species and promote the oxidative removal of carbonaceous poisons on Pt electrode ( Fig. 4(f) ).
Conclusions
In summary, we have demonstrated a two-step method involving colloidal and electrochemical approaches to fabricate porous Pt-Bi(OH)3 nanoframes with well-defined morphology and composition. The nanoframes showed excellent mass activity and operation durability for EOR in both alkaline and acidic condition. The mass activity of Pt-Bi(OH)3 nanoframes was 13.5 times higher than that of commercial Pt/C, making it one of the most promising EOR catalysts. In addition to high activity, Pt-Bi(OH)3 catalyst showed exceptional operation durability, which could be recovered to the initial EOR activity even after 180,000 s test. Further ATR-IR measurements and CO stripping experiments revealed that the surface modification of Bi(OH)3 could favor the oxidative removal of intermediate CO. This research provided an important viewpoint to design Pt catalysts coupled with hydroxides for enhanced EOR performance, thus providing great opportunities for highperformance DEFCs.
Methods

Materials
Pt(acac)2 (99%), Bi(NO3)3•5H2O (99%) and PVP (MW ~ 40,000, 99%) were purchased from Sigma-Aldrich. Commercial Pt/C (20% wt.% of Pt) was purchased from Johnson Matthey. DEG (98%), ethanol (99%) and acetone (99%) were obtained from Sinopharm Chemical Reagent. Nafion alcohol solution (5 wt.%) was purchased from Alfa Aesar. All chemicals were used as they were received, and no further purification process was performed during the experiment.
Synthesis of porous Pt-Bi(OH)3 nanoframes
All the synthesis was carried out by using the standard Schlenk line. In a typical synthesis, 0.55 g PVP was firstly dissolved in 17 mL of DEG and then heated at 60 °C for 30 min in vacuum to completely remove the impurity. Pt(acac)2 and Bi(NO3)3•5H2O as the Pt and Bi precursors were pre-dissolved in 3 mL of DEG and subsequently injected into the flask. The resulting mixture was heated up to 150 °C and kept for another 15 min to ensure the complete reaction. After cooling the system to room temperature, 25 mL of ethanol and acetone mixture (1:1) was added. Then the black product was isolated by centrifugation and subsequently washed by ethanol and acetone mixture for three times. The resulting product was firstly mixed with Vulcan XC-72 carbon (20% weight of Pt-Bi nanocrystals) and then activated using CA tests at −0.2 V vs. SCE in N2-saturated 1 M NaOH + 0.5 M ethanol for 10,000 s. By the same way, different ratios of Pt:Bi nanocrystals were also obtained by adjusting the feeding molar ratio of Pt:Bi precursors as 1:2, 1:1 and 3:1.
Characterization
TEM characterizations were performed on 200 kV TECNAI G2 LaB6 and TECNAI G2F20 from FEI. XRD measurements were carried out on a Bruker D8 Advance Diffractometer with Cu Kα radiation (λ = 1.5406 Å). XPS measurements were carried out on a Kratos AXIS Untraded ultrahigh vacuum (UHV) surface analysis system, and the binding energy of C 1s (285.4 eV) was used as the reference. Aberration-corrected STEM images with a CEOS (CEOS, Heidelberg, Germany) probe aberration corrector were obtained on a JEOL ARM200F (JEOL, Tokyo, Japan) transmission electron microscope operated at 200 keV. To characterize the crystal structure of Pt-Bi(OH)3 nanoframes, the inductively coupled plasma atomic emission spectroscopy (ICP-AES) was used to test the concentrations of as-prepared Pt:Bi nanocrystals (710-ES, Varian).
Electrochemical measurements
EOR measurements were performed in a typical three-electrode cell using CHI660e workstation at room temperature. Threeelectrode setup consisted of a glassy carbon (GC), Pt gauze and SCE as the work, counter and reference electrodes, respectively. The sample obtained from the above-mentioned two-step approach was directly used for the electrochemical measurement. The loading amounts of Pt for all the samples were kept at 28 μg·cm −2 (determined by ICP-AES). For the alkaline EOR, CV was performed in N2-saturated 1 M NaOH or 1 M NaOH + 1 M ethanol or methanol solution at a scan rate of 50 mV·s −1 . The long-term stability of the as-prepared samples was estimated by CA measurements at −0.2 V in N2-saturated 1 M NaOH + 1 M ethanol or methanol solution. CO stripping experiments were conducted in 1 M NaOH or 0.5 M H2SO4. High purity of gaseous CO was first bubbled into the cell at the potential of −0.96 or 0.01 V for 30 min. Then, the electrolyte was bubbled with N2 for 15 min to eliminate the dissolved CO in the solution. Finally, two complete cycles of CO-stripping voltammograms were recorded at a scan rate of 50 mV·s −1 . For the acidic EOR, CV was carried out in N2-saturated 0.5 M H2SO4 or 0.5 M H2SO4 + 0.5 M ethanol or methanol solution at a scan rate of 50 mV·s −1 . To study the stability of the as-prepared samples, CA measurements were carried out at 0.60 V in N2-saturated 0.5 M H2SO4 + 0.5 M ethanol or methanol solution. The ECSA measurements were determined by integrating the hydrogen adsorption charge on the CV at room temperature in N2-saturated 0.5 M H2SO4 solution at a scan rate of 50 mV·s −1 .
In situ ATR-IR experiments
ATR-IR experiments (including ATR-SEIRAS and IRRAS)
were carried out on a Thermo Fisher IS50 FTIR spectrometer equipped with a Mercury Cadmium Telluride (MCT) detector. The catalyst ink was prepared through the same strategy as mentioned above. Then, 20 μL of the catalyst ink was dropcasted onto the Au film-coated basal plane of a hemicylindrical Si prism that was prepared according to a previous publication [57] . The reference and counter electrodes were SCE electrode and a Pt foil, respectively. The electrolyte was N2-saturated 0.1 M KOH containing 0.1 M ethanol. For the in situ ATR-IR measurements, the reference spectrum was collected at open circuit potential, and the sample spectra were collected at different potentials from −0.9 to 0.2 V and corrected with respect to the reference spectrum.
(TEM and HRTEM images, EDS elemental mapping, EDS spectra, XRD patterns, CVs in both alkaline and acidic media, CA tests, and CO stripping measurements) is available in the online version of this article at https://doi.org/10.1007/ s12274-019-2609-z.
